Introduction
Nitrogen oxides NO x (NO 2 , NO) are considered highly toxic gases, due to the adverse effects they have on human health as well as the environment. Thus, the analysis and control of NO x gases is extremely crucial. The gas sensors with high response, fast response-recovery times, and high selectivity with regard to NO x detection have attracted increased attention in recent times [1] . Nano metal oxide based NO x gas sensors constituent promising candidates for realistic application in this regard due to advantages such as extremely low detecting level (even up to ppb), high resolution, and fast response. For example, the gas sensors that utilized metal oxides, such as WO 3 [2] [3] [4] , ZnO [5] [6] [7] , among others, were found to exhibit an extremely high sensing performance to NO 2 gas. However, the metal oxide based gas sensors usually operate at high temperatures, and subsequently, become unstable or less reliable due to the changing particle size and morphology structure [8] . Therefore, the development of metal oxide gas sensors that operate at room temperature has been emphasized.
Zinc oxide semiconductors with large band gaps (E g = 3.37 eV) have been applied in many fields such as gas sensors [2] [3] [4] [5] [6] [7] , photovoltaic devices [9] , optoelectronic devices [10] , solar cells [11] , among others. ZnO nanostructures such as nanosheets, nanorods, nanowires, nanotubes, and nanobelts are mostly utilized for gas sensing layers that operate at low temperatures. This is considered by the relation of their high surface to volume ratio, highly active center, along with other factors [12] . The application of ZnO nanostructures with respect to the detection of various gases such as NO 2 [5] [6] [7] 12] , CO [13] , H 2 [14] , and ethanol [15, 16] has been widely investigated. Conversely, to effect a reduction of the operating temperature to room temperature, the application of metal oxide gas sensors with the assistance of UV light has been a mostly feasible approach [17, 18] . S.W. Fan, et al. [17] demonstrated that UV light strongly enhanced the H 2 sensing properties of polycrystalline ZnO at room temperature. Similarly, G. Lu, et al. [18] 
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In this research, we present the ZnO nanorods synthesized through the simple route of the hydrothermal method. The ZnO nanorods were developed through the application of only zinc acetate Zn(CH 3 COO) 2 Vietnam Journal of Science, Technology and Engineering and fast response-recovery times with regard to NO 2 gas at room temperature, illuminated by UV light. It was suggested that ZnO nanorods could generate photo-electrons into their conduction band under the exposure of UV irradiation. The photo-generated electrons could promote the adsorption of oxygen molecules on the surface of ZnO nanorods. Hence, the gas-sensing responses of the ZnO nanorod based sensors can significantly increase through the application of UV illumination at room temperature.
Recently, the significance of surface defects in ZnO nano oxides with regard to their gas sensing characteristics has been considered [1] . Liao, et al. have investigated that oxygen vacancies in ZnO nanorods dominated the electronic properties and adsorption behaviors, because they acted as donors to provide electrons to the ZnO conduction band [19] . Further, it was found that the defects (oxygen vacancies (V O ); oxygen interstitial (O i ); oxygen antisite (O Zn ); zinc vacancies (V Zn ); zinc interstitial (Zn i )) influenced the sensing performance of ZnO-based gas sensors [1, 19, 20] . In general, ZnO nanooxides' defects can be modified through annealing processes. However, the gas sensing mechanism of the ZnO nano-oxides at room temperature under UV irradiation has not been clearly verified with regard to the contribution of surface defects or bulk defects. Thus, in this paper, the correlation of optical characterizations with gas sensing properties was discussed in detail to provide further evidence related to the gas sensing performance of ZnO nanorods with the assistance of UV light.
experimental
The ZnO nanorods were synthesized by a simple method. Specifically, zinc acetate Zn(CH 3 COO) 2 .2H 2 O salt (SigmalAldrich 1724703 USP) was dissolved in deionized water through stirring at 80 o C for 15 minutes to obtain a homogeneous solution. Subsequently, the NH 4 OH solution was gradually dropped into the solution until pH = 9 was attained and continuously stirred for 30 minutes to obtain a mixture that contained white precipitation. Thereafter, the mixture was transferred into a Teflon lined autoclave to grow ZnO nanorods at 150 o C for 10 hours by hydrothermal condition. Finally, the precipitation mixture was filtered and washed with deionized water until the pH value of 7 was reached, and subsequently dried at 60 o C for 24 hours to obtain the ZnO nanorods.
Crystalline structures and surface morphology of ZnO nanorods were characterized by X-ray diffraction (X'Pert Pro) using CuKα radiation, scanning electron microscope (FESEM, HITACHI S-4800). The optical characterization of ZnO nanorods was identified by photoluminescence (PL) emission spectra when excited by 325 nm light from a Cenon lamp at room temperature.
The ZnO nanorods were mixed with an organic (α-terpineol: antarox: ethyl-cellulose = 95:2:3) to obtain a paste. The ZnO nanorods paste was drop-coated on the Al 2 O 3 substrates integrated with Au grid-electrodes. Fig. 1 illustrated the process from synthesizing the ZnO nanorods, fabricating sensor devices and illuminating UV-LED light to gas sensors. To measure gas sensing performance, these sensors were sintered at 500 o C for different durations to obtain the devices for subsequent analyses. UV-LED light source (wavelength = 385 nm) was adjusted for the irradiation intensity via the applied currents (1, 5, and 15 mA) to investigate gas sensing performance of the sensors. The sensors were continuously irradiated with the UV light during the measurement of the gas sensing characteristics. The sensors were measured with the current source (Keithley, model 6220) and the voltage meter (Keithley, model 2700) for data acquisition of the sensor resistance when exposed upon NO 2 gas concentrations under UV irradiation. The response (S) of the ZnO nanorod sensors was calculated by the equation S=(R g -R a )/R a ×100, where R g and R a are the sensor resistances in the air containing NO 2 gas and in air respectively. Figure 2 displays the SEM image of the typical morphology of the synthesized ZnO nanorods sample. It can be observed that the sample contains uniform nanorods with 300 nm diameter and 1-2 µm length. It is found that the ZnO nanorods are hexagonal rod-shaped, as describled in the inset in Fig. 2 . No diffraction peaks for any impurity phases are found in the XRD patterns. In addition, the position and proportion of the diffraction peaks are found to be very similar when the asgrown and sintered samples are compared. This result suggests that crystalline structure and crystalline particle-size of the ZnO nanorods can be preserved even after the long sintering process conducted at 500 0 C. 
Results and discussion
(1) Fig. 4A shows the PL spectra of the ZnO nanorods sintered at 500 o C for 30 minutes, 5 hours, and 24 hours. Evidently, all the samples have the two emission bands with a weak band of 381 nm (assigned to near band gap emission of the ZnO nanorods) and broad visible band of 400-750 nm. The visible emission band is assigned to the deep defects in ZnO nanorods [1, [19] [20] [21] . Fig. 4B displays the typical Gaussian deconvolutions of the PL spectra in the range of 400-950 nm of the ZnO nanorods sintered conditions at 500 o C for 0.5 hours. The blue, green, yellow-red emissions are calculated in accordance with the assigned defects that occur in bulk and surface of the ZnO oxide. From the Gaussian deconvolution of the PL spectra, the calculated percentage of the emissions area is summarized for each wavelength ranges as described in Fig. 4C . The blue and green emissions band are considered in relation to oxygen antisite (O Zn ) or zinc vacancies (V Zn ) that is corresponded to the deep defects levels in the ZnO band-gap [22, 23] . Whereas, the yellow-red emissions are assigned for oxygen vacancies (V O ) that operate as donors, the behavior that has also been regarded with respect to the effect of the V O ++ surface defects [24] [25] [26] .
Vietnam Journal of Science, Technology and Engineering
These defects can be considered as important contributions to the electrical conductivity and gas sensing characteristics of the ZnO nanorods. The percentage of the yellow-red emissions are found to have maximum value for ZnO nanorods sintered at 500 o C for 0.5 hours, and it gradually reduces with increasing sintering time (as seen in Fig. 4C ). The result in Fig. 4C shows that the concentration of oxygen interstitial (O i ), oxygen antisite (O Zn ), zinc vacancies (V Zn ), which can be assigned as the bulk defects [26] , decreased after sintering for short durations (0.5 and 5 hours), and then increased with the increase in sintering up to 24 hours. Figure 5A displays the NO 2 gas-sensing responses of the ZnO nanorod sensors sintered at 500 o C for 0.5, 5, and 24 hours under UV-LED (385 nm) illumination with 5 mA applied current at room temperature. The results indicate that the responses of all the ZnO nanorod sensors increase when exposed upon NO 2 gas. This behavior is related to ZnO nanorods as n-type semiconductor. From the result, it is observed that the sensors with long sintering duration show the small responses to NO 2 gas.
Figure 5B presents the response to NO 2 gas at room temperature of ZnO nanorods sensor sintered 500 For gas-sensing mechanism, when the ZnO nanorods are illuminated by the UV-LED, electrons in the valance band or defect levels can move into the conduct band and simultaneously create holes in the valence band. The photoinduced electrons have highly chemical active. Therefore, when the ZnO nanorods exposed to NO 2 gas under UV irradiation, the chemical reactions between NO 2 gas and electrons can occur as following Eqs. (1-3):
From these reactions, it can be concluded that the resistance of ZnO nanorod sensors increases when exposed to NO 2 gas, as observed in Fig. 5 , due to the electrons extracted from the conduction band. The gas sensing performance of the sensors can be governed by the photo-induced electrons that can move into the oxide surface and participate in the chemical reactions. This can be strongly affected by the surface-structure and surface defects of the ZnO nanorods. Thus, in this research, we have investigated the photoluminescence spectra of the ZnO nanorods sintered at 500 o C for difference durations to examine the correlation between the optical properties and the gassensing characteristics. As the above results indicate, the sensor with the ZnO nanorods sintered for 0.5 hours exhibited high sensitivity and fast response-recovery times in comparison to others sintered for longer durations. The high concentration of the oxygen vacancies (as donors) can improve the interaction 
Conclusions
In conclusion, the ZnO nanorods were synthesized successfully by the simple hydrothermal method at 150 o C for 10 hours. The nanorods were 300 nm in diameter and 1-2 µm in length. The ZnO nanorod-based sensors were fabricated to detect NO 2 gas at room temperature under UV-LED irradiation (385 nm) exposure. It was noticeable that when the sensor was sintered at 500 o C for 0.5 hours, it exhibited high sensitivity and fast recovery-response times with regard to low NO 2 gas concentration. The correlation between the optical characterizations and the gas sensing properties depended on the concentration of oxygen vacancies in the ZnO nanorods. This sensor can be a promising device that offers room temperature operation for the detection of NO 2 gas in the air. 
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